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Gamma ray burst (GRBs) can be used to constrain cosmological parameters from medium up to 
very high redshift. These powerful systems could be the further reliable distance indicators after 
SNela supernovae. We consider GRBs samples to achieve the luminosity distance to redshift relation 

CN| . and derive the values of the cosmographic parameters considering several possible scaling relations. 

t-H . GRBs, if calibrated by SNela, seem reliable as distance indicators and give cosmographic parameters 

in good agreement with the ACDM model. GRBs correlations with neutrino and gravitational wave 

<n: signals are also investigated in view of high energy neutrino experiments and gravitational wave 

detectors as LIGO- VIRGO. A discussion on the GRB afterglow curve up to the visible and radio 
wavelengths is developed considering the possibility to use the Square Kilometer Array (SKA) 
\ telescope to achieve the first GRB-radio survey. 
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Observational data collected in the last fifteen years, as the anisotropy and polarization spectra of the cosmic 
microwave background radiation (CMBR) [D-Qi the large scale structure of galaxy redshift surveys [3-0]) the mea- 
+3 . surements of Baryonic Acoustic Oscillations (BAO, 0, Q) and the Hubble diagram derived from Supernovae Type 
la (SNela) [lCj|4l2l ]). strongly support the cosmological picture of a spatially flat universe with a subcritical matter 
' content (Om ~ 0.3) undergoing an accelerated phase of expansion. While the observational overview is now firmly 

established, the search for the motivating theory is, on the contrary, still dawning despite of several efforts and the 
abundance of models proposed during these years. The question is not the lack of a well established theory, but 
the presence of too many viable candidat es, rang ing from the classical cosmological constant [ill, [3|> to scalar fields 
[TEI . and higher order gravity theories [13-112, a ll of them being more or less capable of fitting the available data. 
As usual, adding further reliable data is the best strategy to put order in the confusing abundance of theoretical 
\Q ' models. In particular, the extension of the observed Hubble Diagram (HD) to higher redshift z, would allow to trace 
, the universe background evolution up to the transition regime from the accelerated dark energy era to the decelerated 
^ matter dominated phase. Moreover, being the distance modulus related to the luminosity distance and depending 
^vq \ on the dark energy equation of state, one should go to large z in order to discriminate among different models when 
7-H ■ these predict similar curves at lower redshift. Unfortunately, SNela are not well suitable for this aim since their 
1 current Hubble diagram go back to z max ~ 1.4-=- 1.7 and does not extend further than z ~ 2 even for excellent space 
• i-h . based experiments such as SNAP [23[. Unlike GRBs, due to their enormous, almost instantaneous energy release, 
1 stand out as ideal candidates to explore further redshift, the farthest one today detected at z = 8.3 [24]]. The wide 
5-H , range spanned by their peak energy makes them everything but standard candles; anyway the existence of many 
. . ■ observationally motivated correlations between redshift dependent quantities and rest frame properties [25l [28l - [30| 
offers the intriguing possibility of turning GRBs into standardizable objects as SNela. 

Many attempts to use GRBs as cosmological distance indicators tools have been already performed (see, e.g., [3~H - [3l| 
and refs. therein) showing the potentiality of GRBs as cosmological probes. 

It is mandatory to remind that the possibility offered by GRBs to track the HD deep into the matter dominated 
epoch does not come for free. Two main problems are actually still to be fully addressed. First, missing a local 
GRBs sample, all the possible correlations have to be calibrated assuming a fiducial cosmological model to estimate 
the redshift dependent quantities. As a consequence, the so called circularity problem comes out, that is to say one 
wants to use GRBs scaling relations to constrain the basic cosmology, but needs the basic cosmology to get the scaling 
relations j3?J • A well behaved distance indicator should be not only visible to high z and characterized by scaling 
relations with as small as possible intrinsic scatter, but its physics should be well understood from a theoretical point 
of view. Presently, there is no full understanding of the GRBs scaling relations so that, as a dangerous drawback, one 
cannot anticipate whether the calibration parameters are redshift dependent or not. Since we cannot refer to specific 
theoretical models, one tries to address this problem in a phenomenological way. 
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This review, without claim of completeness, is an attempt in this direction. We will try to summarize some scaling 
relations and interesting features (most of them already present in literature) that could result useful to standardize 
GRBs in view of cosmology. The paper is organized as follows. The main features of GRB phenomena are sketched 
in Sec. 2. The so called fireball model is shortly reviewed in Sec. 3. Cosmology with GRBs is widely discussed in 
Sec. 4. Here we recall the main scaling relations that could be useful in order to figure out GRBs as possible standard 
cosmological indicators. In particular, we discuss the correlation analysis in view of testing cosmological models. 
Implication for particle astrophysics (i.e. high energy neutrinos) and gravitational radiation are taken into account in 
Sec. 5. Sec. 6 is devoted to the GRB radio emission which could be extremely important to accomplish the luminosity 
curve of these objects in the whole electromagnetic spectrum. Conclusions are drawn in Sec. 7. 

II. THE GAMMA-RAY BURST PHENOMENON 

GRBs are extremely pow erful flashes of 7-rays which occur approximately once per day and are isotropically 
distributed over the sky [38] . The variability of the bursts on time scales as short as a millisecond and indicates that 
the sources are very compact, while the identification of host galaxies and the measurement of redshifts for more than 
100 bursts have shown that GRBs are of extra-galactic origin. GRBs are grouped into two broad classes by their 
characteristic duration and spectral hardness: long and short GRBs fill. [42l|. Moreover, cosmological GRBs are very 
likely powerful sources of high energy neutrinos and gravitational waves. According to the current interpretation of 
GRB phenomenology, the 7-ray emission is due to the dissipation of the kinetic energy of a relativistically expanding 
fireball (38|. The physical conditions allow protons to be accelerated to energies greater than 10 20 eV according to 
the Fermi mechanism (43l - l46| . Such protons cannot avoid interactions with fireball photons, starting a photo-meson 
production process that generate very high energy neutrinos and 7-rays j47j. 

The occurrence of gravitational wave bursts (GWBs) associated with GRBs is a natural consequence of current 
models for the central engine [48[. For instance, GRBs can be produced by classes of supernovae, known as collapsars 
or hypernovae, when a massive star collapses to form a spinnin g b lack hole; in the meantime the remaining core 
materials form an accreting torus with high angular momentum |49l . |50| . Another interesting scenario is a neutron 
star and black hole coalescing system (~ 7M Q ) where the disruption of the neutron star, caused by the rapidly 
rotating black hole, will also form a torus emitting a large amount of energy (~ O.lM c 2 ) both in gravitational and 
electromagnetic waves [HI]. 

According to the fireball model, GRB afterglows are the result of a shock pushed into the ambient medium by an 
extremely relativistic outflow from the GRB. A conducting fireball expanding at relativistic speed into an ambient 
magnetic field generates a rapidly changing electric current which emits coherent electromagnetic radiation at radio 
frequencies. The critical frequency (upper limit of the emission) strongly depends on the Lorentz factor of the 
expansion. Wide radio observations of GRB afterglows would provide essential and unique information to constrain 
the physical models by completing the coverage of the spectral energy distribution and following the behavior up to 
much later times than any other wavelength. 

Due to the above processes, GRBs are the most powerful phenomena of the universe located at cosmological 
distances [H, HU- They were discovered in the late 60's by the military VELA satellites, as A-ray bursts and 7-ray 
photons occurring at random place and date in the sky (52| . Further observations led to the discovery of slowly fading 
A-ray, optical and radio afterglows following the burst of photons of the prompt phase, and the identification of host 
galaxies at cosmological distances. 

Specifically, the prompt emission phase of long bursts lasts typically 20 seconds, and more than two seconds. The 
short bursts have a shorter duration, typically of 0.2 seconds |53l. |54|. Both classes present an afterglow emission, 
rather similar [55| . The difference between the prompt phases of short and long GRBs derives from the nature of the 
progenitor. The progenitors of most short GRBs are widely thought to be mergers of neutron star binaries (NS-NS) 
or neutron star-black hole (NS-BH) binaries |56f. A small fraction (up to ~15%) of short GRBs are also thought to 
be due to giant flares from a local distribution of soft-gamma repeaters (57l - l59| . Long GRBs, on the other hand, are 
associated with core-collapse Supernovae (60l - l63| . As said above, both the merger and supernova scenarios result in the 
formation of a stellar-mass black hole with accretion disk. The emission of gravitational radiation and neutrinos are 
expected in this process [H, 65]. GRBs are also classified on the basis of other electromagnetic properties. One can, 
for example, consider the optical brightness of the afterglow, distinguishing dark bursts, having no optical afterglow 
emission (66l. loTf: or X-ray Flashes (which have no emission in the 7-rays, the prompt being reduced to a burst of 
soft A-ray photons) [68[. These classifications are based on observations and can be related to the properties of the 
medium in which the burst develops or to the geometry of the explosion [66l . l69l . [70| . 
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III. THE FIREBALL MODEL 

The fireball model is based on an "central engine" highly energetic which produces a relativistic particle outflow. 

Since the opacity is very high, this "engine" is well hidden from direct observations and it is very difficult to determine 

what is the source of this mechanism from present observations. Also the afterglow discovery does not add further 

information in this direction, leading only to some circumstantial evidences on the nature of the sources. The energy 

from the central source is transported relativistically to distances larger than 10 16 cm where the system is optically 

thin. The fireball particles flux is not emitted at a constant rate by the central engine but two jets back to back 

occur in the near of the central engine. Such jets are made up of photons, baryons and e _ /e + pairs that accelerate 

the surrounding material by forming concentric and consecutive shells. During the acceleration process, some shells 

are emitted with a higher velocity respect to others. Faster shells interact with slower ones causing an inelastic 

shock which accelerates electrons producing a gamma emission at high energy. This mechanism called internal shock 

powers the GRB itself producing the prompt emission [7l| . Subsequently, the fireball, during its expansion, bumps 

into external medium which can be the interstellar medium or the dense stellar wind produced by the progenitor of 

GRB. External shocks arise due to the interaction of the relativistic matter with the surrounding matter, and cause 

the GRB afterglow. These shocks or blast waves are the relativistic analogues of supernova remnants. The shock 

will produce a magnetic field within the top of the jet, so that the electrons will start to emit synchrotron radiation. 

When the external forward shock is formed, a reverse shock is produced moving back into the ejecta. This reverse 

shock can produce a bright optical flash about one minute after the burst, and a radio flare about one day after the 

burst. The brightness of the reverse shock emission decays very rapidly, after which the forward shock dominates. 

The relativistic outflow is not spherical but collimated. Since the shock decelerates while it is sweeping up mass, a 

few days after the burst, the synchrotron emission angle of the electrons becomes equal to the collimation angle of 

the outflow, the so-called jet-break time. After this moment the collimated outflow spreads and becomes spherical 

after a few months after the burst. At the same time that the outflow becomes spherical, the blast wave becomes 

sub-relativistic and will eventually enter the classical regime. GRBs occur at a rate of about one per 10 6 years per 

galaxy [t3| and the total energy is ~ 10 52 ergs. These estimates are obtained assuming isotropic emission. The jet 

4-7T 8 2 
beaming angle 9j e t can changes the rate estimation by a factor — ^ — in the rate, and by a factor of in the fireball 

. . in 
total energy. The luminosity per unit solid angle along the jet axis is different from the one emitted on axis. A 

strongly off-axis position of a detector would not allow the prompt GRBs observation so that it would be possible to 

see (in case of a long GRB) only the late afterglow j73|. A further constraint on fireball model is the inner engine 

capability of accelerating ~ 1O _5 M to relativistic energies. 

One can imagine various scenarios in which 10 52 ergs are generated within a short time. The condition that such 

energy should be converted into a relativistic flow is quite difficult since it needs a system with a very low baryonic 

load. This requirement prefers models based on electromagnetic energy transfer or electromagnetic energy generation 

as these could more naturally satisfy this condition (see |74|V 

IV. COSMOLOGY BY GRBS 

The cosmological origin of GRBs has been confirmed by several spectroscopic measurements of their redshifts, 
distributed in the range z <G 0.1 8.3. This property makes GRBs suitable for investigating the far universe. Indeed, 
they can be used to constrain the geometry of the present day universe and the nature and evolution of dark energy 
by testing the cosmological models in a redshift range hardly achievable by other cosmological probes. Moreover, 
the use of GRBs as cosmological tools could probe the ionization history of the universe, the intergalactic medium 
properties and the formation of massive stars in the early universe. The fact that GRBs are detected up to very high 
redshifts makes it possible an attempt to use them as standard candles in a similar way as SNela, because they have 
a very wide range of isotropic equivalent luminosities and energy outputs. Several suggestions have been made to 
calibrate them as better standard candles by using correlations between various properties of the prompt emission, 
and in some cases also the afterglow emission. While there is good motivation for such cosmological applications of 
GRBs, there are many practical difficulties. 

Indeed, a serious problem that arises is the intrinsic scarcity of the nearby events which introduces a bias towards 
low/high values of GRB observables. As a consequence, it is not immediate to extrapolate the correlations to low-z 
events. A further problem is related to the fact that, due to the unknown flux limit, the GRB ensemble suffer from 
the well known degradation of sampling as a function of redshift. One might also expect a significant evolution of 
the intrinsic properties of GRBs with redshift (also between intermediate and high redshifts) which can be hard to 
decouple from cosmological effects. Finally, in order to calibrate the observed correlations, it is mandatory to assume 
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a cosmological model (luminosity distance vs redshift) in order to convert the observed bolometric peak flux Pboio 
or bolometric fluence to isotropic absolute luminosity L or to a total collimation corrected energy £L. The use of a 
cosmological model to perform the calibration, in turn, creates a circularity problem and a model dependence of the 
obtained calibration. 

Despite of these difficulties, the potential advantages to obtain approximate standard candles at high redshifts have 
generated an intense activity in the direction to test GRBs as cosmological indicators (30l . l3fl | as well as to constrain 
cosmological parameters by them [5^, [7^-[z3- This means that GRB cannot be alternative to the SNela or to other 
cosmological probes, but they can be complementary to them due to their wide redshift distribution and evolution 
properties. The goal is to use them to remove the degeneracies in the values of cosmological parameters, today 
obtained only at medium and low redshift (see for example (26l 



A. The standard candles test 



The standard methods to test cosmological models, are: 

• the luminosity distance test (mainly applied to SNela); 

• the angular size distance test (used also for Cosmic Microwave Background (CMB) anisotropics); 

• the volume test based on galaxy number count. 

In general, given an object with a certain luminosity L, not evolving with cosmic time, and measured flux F, one can 

define its luminosity distance Dr, = \ / — „, . which is related to the radial coordinate r of the Friedman- Robertson- 

V ^F(z) 

T 

Walker metric by = — r^r = rCl + z), where a(r) is the scale factor as a function of the comoving time, r = tHo. 

Dl depends on the expansion history and curvature of the universe through the radial coordinate r. By measuring 
the flux of 'standard candles' as a function of redshift, F(z), the luminosity distance test is achieved by comparing 
Dl, obtained from the flux measurement, with Dl(p) predicted by the cosmological model, where p is a set of 
cosmological parameters (e.g., the matter density parameter fijvf, the cosmological density parameter f^A and the 
normalized Hubble constant h (78l. l79l|). This test has been largely used with SNela (7^. The high peak luminosity 
(i.e. ~ 10 10 Mq) of SNela makes them detectable above z > 1 . 

Several intrinsic correlations between temporal or spectral properties and GRB isotropic energetics and luminosities 
have been considered as a possibility to use GRBs as cosmological indicators [8(3] • The constraints on the cosmological 
parameters obtained by the luminosity distance test applied to GRBs are less severe than those obtained by SNela. 
This is mainly due to the presently still limited number of GRBs with well determined prompt and afterglow properties 
that can be used as standard indicators. 



B. GRB luminosities and energetics 

The luminosity L and the energy E of GRBs with well know redshifts can be evaluated by the peak flux P and the 
flux integrated over the burst duration (i.e. the fluence S). If GRBs emit isotropically, the energy radiated during 

their prompt phase is Ei SO = — ^ - where the term (1 + z) accounts for the cosmological time dilation effect while 

the isotropic luminosity is Li SO = AttD 2 l P. The bolometric luminosity is often computed by combining the peak flux 
(relative to the peak of the GRB light curve) with the spectral data derived from the analysis of time integrated 
spectrum. As discussed in [72|], this is strictly correct only if the GRB spectrum does not evolve in time during the 
burst [8l|. A considerable reduction of dispersion of GRBs energetics has been found in [82| (later confirmed in |83j) 
when they are corrected for the collimated geometry of these sources. Theoretical considerations on the extreme GRB 
energetics under the hypothesis of isotropic emission (84l [85| led to the hypothesis that, similarly to other sources, 
also GRBs might be characterized by a jet. In the classical scenario, the presence of a jet [86|-[88) affects the afterglow 
light curve which should present an achromatic break a few days after the burst. The observation of the afterglow 
light curves allows to estimate the jet opening angle 9j e t from which the collimation factor can be computed, i.e. 
f = (1 — cos 9 j e t). This geometric correction factor, applied to the isotropic energies [Hj], led to a considerable 
reduction of the GRB energetics and of their dispersion. 
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C. The intrinsic correlation of GRBs 

Several empirical relations between observable properties of the prompt emission have been discovered during the 
recent years. The luminosity relations are connections between measurable parameters of the light curves and/or 
spectra with the GRB luminosity. The calibration consists in a fit of the luminosity indicator versus the luminosity 
in logarithmic scale. This calibration process needs to know burst's luminosity distance in order to convert Pboio to 
L and this can be done only for bursts with measured redshifts. The crucial point is that conversion from observed 
redshift to luminosity distance requires some adopted cosmological parameters to be calibrated separately. 

If we are interested in calibration for purposes of GRB physics, then it will be fine to adopt the calibration from 
some fiducial cosmology. But if we are interested in testing the cosmology, then we have to use the calibration for 
each individual cosmology being tested. For a particular cosmology, the theoretical shape of HD has to be compared 
with the observed shape when the burst distances are calculated based on calibrations for that particular cosmology. 
Thus, any test of cosmological models with a GRB-HD will be a simultaneous fit of the parameters in the calibration 
curves and the cosmology. In the following subsections these correlations are summarized. 

1. The lag-luminosity correlation r — Li SO 

Results from BATSE satellite on the analysis of the light curves of GRBs led to the discovery of spectral lags, 
i.e. the difference in arrival time of high and low energy photons. It is assumed positive when high energy photons 
arrive earlier than the low energy ones. Usually the spectral lag is extracted between two energy bands in the observed 
reference frame. Since GRBs are redshift dependent, the two energy bands extracted can refer to a different couple 
of energy bands in the GRBs absolute frame; in this way energy depends on the spectral lag considered. Time lags 
typically range between 0.01 and 0.5s (even few second lags have been observed |9(|) and there is no evidence of any 
trend, within multi peaked GRBs, between the lags of the initial and the latest peaks (9l|. It has been proposed that 
lags are a consequence of the spectral evolution (92|, typically observed in GRBs [931, and they have been interpreted 
as due to radiative cooling effects (94| . Other interpretations concern geometric and hydrodynamic effects |95l . |96| 
within the standard GRB model. In particular, the analysis of GRB temporal properties with known redshifts revealed 
a tight correlation between their spectral lags (r) and the luminosity (Li SO ) [97|. Furthermore, the r — Li SO correlation 
has been used as a pseudo-redshift indicator to estimate z for a large population of GRBs [98| and also to study the 
GRB population properties, like as jet opening angle, luminosity function and redshift distribution within a unifying 
picture |90j|. 

2. The variability-luminosity correlation V — Lt so 

GRB temporal structure shows several shapes: they exhibit a variation from a single smooth pulse to very high 
complex light curves with a lot of fancy pulse s with different amplitudes time duration. Also the afterglow emission 
shows some variability on timescales |99l . Il00l | . The analysis of large sam ples o f bursts also showed the existence of a 
correlation between the GRB observer frame intensity and its variability [l0l| . Several scenarios have been proposed 
to provide an explanation of GRBs temporal variability. The most accredited mechanism asserts that light curves 
variability would be due to the irregularity of the central engine. Alternatively, an external origin of the observed 
variability as due to the shock formation by th e interaction of the relativistic ally e xpanding fireball and vari able size 
interstellar medium clouds is proposed in |102| . Fenimore and Ramirez- Ruiz |103| and Reichart et al., |104( found a 
correlation between GRB luminosities Li SO and their variab ility V: more luminous bursts have a more variable light 
curve. The V — Li SO correlation has been recently updated |l05j with a sample of 31 GRBs with measured redshifts. 
This correlation has also been test ed Il06j with a large sample of 155 GRBs with only a pseudo-redshift estimate (from 
the lag-luminosit y cor relation [37l. |98|). An even tighter correlation (i.e. with a reduction of a facto r 3 of its scatter) 
has been deriv ed |l07| by slightly modifying the definition of the variability first proposed in |l04( . Recently Zhang 
and Yan |108| proposed Internal- Collision-Induced-Magnetic Reconnection and Turbulence model of GRBs prompt 
emission in the Poynting-flux-dominated regime. This model is based on a central engine with powered, magnetically 
dominated outflow which self interacts and triggers fast magnetic turbulent reconnection that powers the observed 
GRBs. This model has two variability components: one slow component is related to the central engine activity 
which is responsible of the visually apparent broad pulses in GRBs light curves; the other fast one is associated with 
relativistic magnetic turbulence responsible of the faster variabilities overlapping the broad pulses. It is fundamental 
to use rigorous approaches to study GRBs light curves in order to investigate superpositions of multiple variability 
components. Power dens ity spectrum is, however, the most used tool to study the temporal behavior of varying 
astronomical objects |l09j . 
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3. The spectral peak energy-isotropic energy correlation E pea k — Ei 30 

The E pea k — Ei SO relation is one of the most latest intriguing discovery related to GRBs and could have several 
implications on the understanding of the emission mechanism of the burst and on the possibility to use GRBs for 
cosmology. Even before large sam ples of burst with measured redshift were available, it was s ugge sted that the 
Epeak — Ei SO were correlated |llC| . Hereafter the measurements of some redshift Amati et al. reported the 

correlation between the isotropic equivalent bolometric energy output in 7-rays, E iso , and the intrinsic peak energy of 
the vF v spectrum, E pea k- This result was based on a sample of 12 BeppoSAX bursts |ll2| with known redshifts. Ten 
additional bursts detected by HETE II ( |l!3l - [lT5| ) supported this result and extended it down to Ei so ~ 10 49 ergs 
(see also [z3). The E pea k — Ei SO correlati on h as been updated with a sample of 43 GRBs (comprising also 2XRF) by 
estimating z and the spectral properties jll6| . The theoretical interpretations of E pea k — Ei SO cor relation a ttribute 
it to geometrical effects due to the jet viewing angle with respect to a ring-shaped emission region |l!7l Ill8| or with 
respect to a multiple sub-jet model struct ure which also takes into account for the extension of the above correlation 
to the X-ray rich (XRR) and XRF classes |l!9l 1 1 20j | . A different expla nation for the E pea k — Ei SO correlation concerns 
the dissipative mechanism responsible for the prompt emission [12l|: if the peak spectral energy is interpreted as 
the fireball photospheric thermal emission comptonized by some mechanism (e.g. magnetic reconnection or internal 
shock) taking place below the transparency radius, the observed correlation can be reproduced. 

4- The peak spectral energy-isotropic luminosity correlation E vea k — Li 30 

The E pea k and Li SO has been discovered |l22| with a sample of 16 GRBs. A wider sample of 25 GRBs confirmed 
this correlation [72j|. As already said, the luminosity Li SO is defined by combining the time- integrated spectrum of the 
burst with its peak flux (also E pea k is derived using the time- integrated spectrum). It has been demonstrated that 
GRBs are characterized by a considerable spectral evolution [92[ ■ If the peak luminosity is obtained only considering 
the spectrum integrated over a small time interval (~ I s) ce ntered around the peak of the burst light curve, we find 
a larger dispersion of the E pea k — Li SO correlation (see |l23j). This suggests that, the time averaged quantities (i.e. 
the peak energy of the time-integrated spectrum and the "peak-averaged" luminosity) are better correlated than the 
"time-resolved" quantities. Combining the lag-luminosity and the variability- luminosity relations of nine GRBs to 
build their Hubble diagram it is possible to consider GRBs as powerful cosmological tools [3?], [75[ . 

5. The peak energy- collimation corrected energy correlation E pea k — E~ t 

By using a large sampl e of burst with spectroscopical measured redshift, assuming a homogeneous circumburst 
medium, Ghirlanda et al. |l!3| estimated the jet opening angle 6j e t and the related E 1 defined as Ei SO (l — cosset)- 
They discovered a very tight correlation between E 1 respect E pea k ■ Such correlation links the GRB prompt emission 
energy, corrected for t he bu rst geometry, to its peak frequency. By adding a large sample of GRB , some of which also 
discovered by SWIFT (l27j and, at least, by another Interplanetary Network (IPN) satellite (l2^ in order to estimate 
the peak energy, this correlation has been confirmed. Recently, Nava et al., in |124| . reconsidered and updated the 
original sample of GRBs with firm estimate of their redshift, spectral properties and jet break times. One possible 
explanation to see these events out of their jet openi ng angle in such way that they appe ar o f f-bea m-axis in both 
Epeak and Ei SO has b een proposed (see also |l25l . Il26l |). Otherwise, alternative possibility |l29l . Il3(j| have been put 
forward. Nava et al. [l24j have calculated E pea k — E 1 correlation by assuming an external medium distributed with 
an r~ 2 density profile, finding an even tighter correlation with respect to that one obtained assuming an homogenous 
circumburst density. The linearity of the Ghirlanda E pea k correlation implies that it is invariant under transformation 
from the source rest frame to the fireball comoving frame. A consequence of this property is that the number of 
total photons emitted in different GRBs is constant and correspond to 7V 7 ~ 10 57 . This number is very close to 
the number of baryons in one solar mass. This property could have an important implication in the dynamics and 
radiative processes of GRBs. 

6. The isotropic luminosity-peak energy-high signal timescale correlation Li SO — E pea k — To. 45 

A correlation involving three observables of the GRB prompt emission is discussed in [3l| : the isotropic luminosity 
Li SOl the rest frame peak energy E pea k and the rest frame "hi gh s ignal" timescale To. 45. This latter parameter has 
been previously used to characterize the GRB variability (e.g. [104| ) and represents the time crosses by the brightest 
45% of the total counts above the background. Through the analysis of 19 GRBs, for which Li so . E pea k and To. 45 
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could be derived, in [3l| it is found that Li SO oc E^f^ k ■ T ~4 5 49 with a very small scatter. The Li SO — E pea k — To. 45 
correlation is based on prompt emission properties only and it is sufficiently tight to standardize GRB energetics 
having some interesting consequences: 

1. it represents a powerful (redshift) indicator for GRBs without measured redshifts, which can be computed only 
from the prompt emission data (spectrum and light curve); 

2. it can be considered a cosmological tool which is model independent (differently from the E~ — i? pea feCorrelation 
which relies on the standard GRB jet model (3l|): 

3. it is "Lorentz invariant" for standard fireballs, i.e. when the jet opening angle is 8j et > — . 
These features could be extremely interesting in view of using GRBs as cosmological distance indicators. 



7. The peak energy-isotropic energy-jet break time correlation E pea k — Ei ao — tbreak 



All the above correlations have been derived assuming that GRBs emit isotropically. However, the hypothesis that 
GRB fireballs are collimated was proposed for GRB 970508 [84j and subsequently for GRB 990123 as a possible 
explanation of their very large isotropic energy [85[ . The collimated GRB model predicts the appearance of an 
achromatic break in the afterglow light curve which, after this break time, decreases with respect to the time [86l. |87| . 
Since the fireball photon emission depends on the relativistic beaming angle, the observer receives the photons within 
a cone with aperture #r oc jt, where L is the bulk Lorentz factor of the material responsible for the emission. During 
the afterglow phase, the fireball is decelerated by the circumburst medium and its bulk Lorentz factor decreases, i.e. 
the beaming angle 9r increases with time. As the beaming angle equals the jet opening angle, 8r ~ y ~ 9 jet: & critical 
time is reached. With this assumptions, the jet opening angle 9j et can be estimated through this characteristic time 
(87| . i.e. the so calle d jet -break time tbreak related to the afterglow light curve. Typical tbreak values range s fro m 
0.5 to 6 days [82l, l83l . [ll3l |. The jet opening angle can be derived from tbreak in two different scenarios {e.g. [ 1 3 1| | ) . 
Another empirical corr elation links the jet break time tb rea k with Ei so and peak energy E peak . 

As discussed in |l24j . the model dependent E pea k —E 1 correlations [i.e. derived under the assumption of a standard 
uniform jet model and either for a uniform or a wind circumburst medium) are consistent with this completely empirical 
correlation. This result, therefore, reinforces the validity of the scenario within which they have been derived, i.e. a 
relativistic fireball with a uniform jet geometry which is decelerated by the external medium, with either a constant or 
an r -2 profile density. Similarly to what has been done with the isotropic quantities, we can explore if the collimation 
corrected E pea k — E 7 correlation still holds when the luminosity, instead of the energy, is considered. 



D. Cosmological analysis of GRB correlations 



A preliminary step in the analysis of correlations mentioned above is the determination of the luminosity L or 
the collimated energy E 1 entering as y variable in the y-x scaling laws logy = alogx + b. This is a linear relation 
which can be fitted in order to determine the calibration parameter a and b. Since, there is still no theoretical model 
explaining any correlations in term of GRB physics, one would expect that the wide range of GRB properties makes 
the objects scatter around this (unknown) idealized model. Consequently, the above linear relations will be affected 
by an intrinsic scatter ai n t which has to be determined together with the calibration coefficients (a, b). As a first step, 
it is necessary to determine the GRBs luminosity distance over a redshift range where the linear Hubble law does not 
hold anymore. In such a way the luminosity distance can be estimated as : 



c(l + z) f z dz 1 

where Hq = lOO/i km/s/Mpc is the present day Hubble constant and E(z) — H{z)/Hq is the dimensionless Hubble 
parameter which depends on the adopted cosmological model thus leading to the well known circularity problem. 

Several strategies have been considered to take in to account this problem (3tJ . The most easy one is to assume a 
fiducial cosmological model and determine its parameters by fitting, e.g., the SNela Hubble diagram. One adopts the 
ACDM model as fiducial one thus setting : 



E 2 (z) = n M {i + zf + n A 



(2) 
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Figure 1: GRB Hubble diagram averaged over different 2D correlations derived by using calibration on the fiducial ACDM 
model H3|. 



where J7a = 1 — because of the spatial flatness assumption. 

It is nevertheless worth stressing that a different cosmological model would give different values for cLl{z) and hence 
different values for (L,E 7 ) thus affecting the estimate of the calibratio n parameters (a, <Ji n t)- A first attempt to a 
model independent approach is to resort to cosmography (35l. 1 132L Il33l |, i.e., to expand the scale factor a(t) to the 
fifth order and then consider the luminosity distance as a function of the cosmographic parameters. Indeed, such a 
kinematic approach only relies on the validity of assumption of the Robertson - Walker metric, while no assumption 
on either the cosmological model or the theory of gravity is needed since the Friedmann equations are never used. 
A further step to a completely model independent approach is the estimation of the GRBs luminosity distances by 
using the SNela as distance indicator based on the naive observations that a GRB at redshift z must have the same 
distance modulus of SNela having the same redshift [13] ■ As instance one could interpolate the SNela HD providing 
the value of distance modulus f or a s ubsa mple of GRBs with redshift z < 1.4 which can then be used to calibrate the 
correlations parameters [32l. I37l . [l34l . Il35| . Assuming that this calibration is redshift independent, one can then build 
up the HD at higher redshifts using the calibrated correlations for the remaining GRBs in the sample. 

Once the calibration parameters for a certain y-x correlation have been obtained, it is then possible to estimate 
the distance modulus of a given GRB from the measured value of x. Indeed, for a given y, the luminosity distance is : 



= 7- ( 3 ) 



K 



where k = AirP bo i , k = 47: S bolo F beam / '(1 + z) {F beam is the beaming factor (1 - cos9 jet ) and k = 47rS , f)0 ; /(l + z) for 
y = L, y — E 7 and Ei SO , respectively. Using the definition of distance modulus n(z) = 25 + 51ogdj,(z) and estimating 
y from x through the y-x correlation, we then get : 



M^) = 25+|bg(|) =25 + ^(alo ga; + fc-log K ) (4) 

where (a, b) are the best fit coefficients for the given y-x correlation. Eq.Q allows to compute the central value of 
the distance modulus relying on the measured values of the GRB observables, i.e., the ones entering the quantity k, 
and the best fit coefficients (a, b) of the used correlation. Moreover, each correlation is affected by an intrinsic scatter 
which has to be taken into account in the total error budget. 

In Fig.[U it is reported the GRB Hubble diagram obtained by using different correlations and different calibration 
methods (for details see The red solid line is the expected fi(z) curve for the fiducial ACDM model. 

From the picture, it is evident that the HD derived from GRBs reasonably follow the ACDM curve although with a 
non negligible scatter. The scatter becomes significantly larger in the range 0.4 < z < 1.4 since the distance modulus 
fi(z) for a set of GRBs lies above the ACDM prediction. One could conjecture a failure of the theoretical model, but 
there is a set of points which are difficult to adapt with any reasonable dark energy model. 
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V. IMPLICATIONS FOR PARTICLE ASTROPHYSICS 



As said above, a part electromagnetic emission, GRBs are sources of high-energy beams of particles and possible 
gravitational wave emitters. Below we will sketch these important implications for astroparticle physics and the 
possibility to complete the GRB light curve by studying radio emissions. 



A. High energy neutrinos 



According to the fireball model, shock accelerated protons interact with low energy radiation (photons in the 
range of KeV-MeV), leading to the production of ultrahigh energy pions, kaons and neutrons through the processes 
pj — > n^^X and j»7 — > K^'°X , where X can be a neutron. The ultrahigh energy mesons and neutrons, in turn, decay 
into high energy neutrinos/antineutrinos or photons and other secondary products. Because of the high magnetic field 
inside GRBs, charged pions, kaons and muons loose energy significantly before decaying into neutrinos. On the other 
side, the relativistic neutrons remain unaffected and decay into high energy antineutrinos, pr oton s and electrons. 

Three phases of non-thermal emiss ion a re expected: precursor phase preceding the burst |l36| . the prompt emis- 
sion |45l . [47| and afterglow emission fl37| . Fig. [U shows a schematic view of the modeled neutrino emissions from 
GRBs during the three phases (bottom row). Also the corresponding electromagnetic outputs are shown (top row). 




Figure 2: Overview of different neutrino production scenarios during the three different phases of a GRB emission. The 
corre sponding electromagnetic output is indicated schematically as well. The different flux models are described in the text 




• A precursor SNR (supernova remnant) model of GRBs has been developed in |l36l |. The basic idea is that a 
shock is formed during the collision between the pre-GRB matter and the wind of the central pulsar or the 
SNR shell. In this state, the burst is opaque to photon emission and shock surroundings represent a good 
target for neutrino production by shock-accelerated protons interacting with thermal A-rays in the sub-stellar 
jet cavity. The shocks happen at smaller radii with respect to the prompt emission and at lower Lorentz boost 
factors r. The neutrino signal could also be accompanied by a signal in the far infrared. The low energy part 
of the neutrino spectrum is due to neutrino production in pp interactions and follows the power law E u ~ 2 . 
The neutrinos from the relativistic jet cavities are emitted as precursors ( ~ 10 -r- 100s prior) to the neutrinos 
emitted from the GRB fireball in case of electromagnetically observed burst [138]. In case of electromagnetically 
undetectable burst it is not possible to detect neutrinos from individual sources since a diffuse neutrino signal 
is spread all around. 
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• The prompt emission from GRBs can be correlated to the observed flux of Ultra High Energy Cosmic Rays 
(UHECRs) , since protons are accelerated in the highly relativistic shocks by Fermi mechanism [3, EE S3 • 
Such process implies the neutrino production through photon-hadronic interactions. 

• Afterglow neutrinos are prod uced during the interaction between internal shocks from the original fireball and 
the interstellar medium |l37| . Neutrinos are produced in the external reverse shock due to the interaction of 
shock accelerated protons with synchrotron soft X-ray photons. 

In the GRB jet, a considerable number of neutrons (n n ~ n p ) is expected, arising from a neutronized core similar 
to that in supernovae in the case of long GRBs, and from neutron star material in the case of short GRBs. In a long 
GRB, the core collapse neutronization leads to huge amount of thermal neutrinos (~ 10 MeV). Due to their low energy, 
their cross section is too small for to be detected at cosmological distances. However, in both long and short GRB 
outflows, neutrons are present and initially coupled to protons by nuclear elastic scattering. If the initial acceleration 
of the fireball is very high, neutrons can eventually decouple from the fireball when the comoving expansion time falls 
below the nuclear scattering time. Protons, on the other hand, continue accelerating and expanding with the fireball 
as they are coupled to electrons by Coulomb scattering. The flux and the spectrum of EeV neutrinos depends on the 
density of the surrounding gas, while TeV-PeV neutrinos depend on the fireball Lorentz factor. Hence, the detection 
of very high energy neutrinos would provide crucial constraints on the fireball parameters and on GRB environment. 
Lower energy (<TeV) neutrinos originating from sub-stellar shocks, on the other hand, may provide useful information 
on the GRB progenitor. 

Many experiment are searching neutrinos by GRBs. The AMANDA search, r elied on spatial and temporal correla- 
tions with photon observations of o ther instruments, such as BATSE, CGRO |l40| and other satellites of the Third 
Interplanetary Network (IPN) |l28| , leads to a n increase in sensitivity to a level where a single detected neutri no fro m 
a GRB can be significant at the 5a level |139| . The neutrino flux limit from AMANDA data as presented in |l4l| is 
consistent with the flux predicted in (47j : 

<$> DL = 6- 10~ 9 GeV cm~ 2 s- 1 sr" 1 . (5) 

The expected number of detected events from a given GRB is quite low, however burst parameters can vary significantly 
from burst to burst leading to a large variation in the expected number of detected events. Thus the individual analysis 
of data from exceptionally bright GRBs is highly interesting. The AMANDA detector searched for neutrino emission 
from more than 400 GRBs, during the 1997 -j- 2003 data taking. The coincidence time was assumed to be the whole 
emission duration over an excess of the background, while simulation-based data quality cuts were applied to separate 
the predicted signal from the observed background events. Zero neutrino events were obs erved in coincidence with 
the bursts, resulting in a stringent upper limit on the muon neutrino flux from GRBs [M2H146l |. IceCube (l47j 
performed searches for neutrinos from GRBs with two analyses. In the first case, as for AMANDA, the selection of 
events was made using IPN-3-detected bursts as triggers on the prompt 7-ray emission of GRBs. However, since this 
kind of search misses all GRBs which are not in the field of view of satellites or do not emit gamma rays, a second 
analysis, seeking for unexpected temporal clustering of events was performed. In this analysis, a time window with a 
width fitting of the expected neutrino emission duration (typically between Is and 100 s) is imposed over the detected 
events comparing the observed number of events with those expected for the background. In 2008 IceCube, in a 22- 
string configuration, performed an analysis of individual GRB 080319B, the brightest GRB e ver r ecorded, finding no 
significant neutrino excess above the background leading to the 90% upper limit neutrino flux |147| . However even for 
a 10 times larger telescope the number of expected event is only of the order of 1. Therefore, since the mean number 
of expected neutrinos from individual GRBs is usually small, IceCube performed a stacked GRB search, consisting 
in stacking several GRB events coming from different directions. In this way, the chance for discovery is noticeably 
enhanced, however it is no more possible to associate the neutrino flux to a specific GRB. An analysis with such an 
approach was perfor med w ith IceCube data: the neutrino spectra were calculated for 117 bursts (mainly detected by 
SWIFT and FERMI |l48l |) that occurred during data taking. Even in this case the data analysis showed no excess 
above the background. 

The R ICE experiment had investigated five bursts with respect to a possible flux connected to the afte rglow 
emission |l49( , with limits of a few orders of magnitude above the prediction, derived for each burst individually |l37| . 
Stacking more bursts, it can be possible to improve such limits. 

The SuperKamiokande Collaboration performed a search for neutrinos based on a time and direction correlation 
analysis with BATSE GRB solar neutrinos, atmospheric neutrinos, and upward-going muon data sa mple s aimed at the 
search for an excess in the number of events correlated with GRBs above the expected background |l50| . Even in this 
case no statistically significant coincidences were observed and only an upper limit on the fluence of neutrino-induced 
muons has been set. 

An analysis aimed to the detection of neutrino-induced showers in coincidence with GRBs using the ANTARES 
detector, complementary to the track searches typically performed in neutrino telescope experiments, was performed 
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Figure 3: Upper limits on an astrophysical v M flux with an E~ 2 spectrum are shown along with theoretical model predictions 
of diffuse astrophysical muon neutrinos from different sources. The astrophysical E~ 2 upper limits are from AMANDA-II, 
ANTARES, and the current work utilizing the IceCube 40-string configuration (IC40 375.5 d). The atmospheric i/ M measure- 
ment s are from AMANDA-II, the IceCube 40-string (IC40) unfolding measurement and the current work (IC40 Atmospheric 
ffi) ([HU and references therein). 

[l 5 lj | . This method has a lower sensitivity per burst with respect to the track search, however it can detect neutrinos 
of any flavor, which are invisible for track based analysis, and it is caable of looking also for coincidences with GRBs 
occurring in the northern hemisphere, as it does not depend on the direction of the observation. Ten GRBs triggered 
during the year 2008 have been analyzed and no a signal event were observed within the time-window. An upper 
limit on the normalization of this flux has been established [15 1| | . 

Recently, the GRB fireball neutrino flux calculation has been revised taking into account the full spectral (energy) 
dependencies of the proton and photon spectra, as well as the cooling of th e secondaries, flavor mixing, and additional 
multi-pion, kaon, and neutron production channels for the neutrinos |l52l |. A significant deviation has been found in 
the normalization of the neutrino flux prediction of about one order of magnitude, with a very different spectral shape 
peaking at slightly higher energies. With this approach, neutrino flux prediction is significantly below the current 
IceCube limit, which means that the conventional GRB fireball phenomenology is not yet challenged. 

B. Gamma Ray Bursts and Gravitational waves 

The main GRB models invoke a rapidly accreting black hole, formed during a violent event such as the core collapse 
of a massive compact star or the merger of two inspiraling binary neutron stars associated to a strong emission of 
gravitational wave signals. Whereas the 7-rays are thought to be produced at distances 10 13 cm from the central 
engine, these gravitational waves will be produced in or near the central engine, and thus could provide our most 
direct probe of it. For exa mple, collaps e or m erger models lead to different gravitational wave (GW)-burst energies, 
spectra, and polarizations (3814401 , 1 1541 . Il55| . Alternatively, GW production, owing to toroidal instabilities in an 
accretion disk, will be relatively long-lived and quasi-periodic, with an energy output of several orders of magnitude 
higher than in the accretion mechanism was proposed in [38]. In each case, the relative arrival time of GWB and 
GRB signals will depend on whether the GRB is generated by internal shocks in the exploding fireball or external 
shocks when the fireball is decelerated by the interstellar medium. In addition, GRBs occur at the rate of almost 1 
observable event per day and are well localized in time and, very often, on the sky, to follow up GW searches. They 
are considered among the most promising GWs sources for ground-based interfero mete r s, of the current a nd fu ture 
generation, such as LIGO (Laser Interferometer Gravitational- Wave Observatory) |l56l . Il57j | and VIRGO [l58| and 
their advanced versions. Although, with the current detector sensitivities, the cosmological distances of most GRBs 
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would lead to individually undetectable GW signals, it is possible to accumulate weak signals from several GRBs 
to detect a GW signature associated to the GRB population. Several Authors have described how the signals from 
two independent GW-detectors can be analyzed to identify the GW signals associated to GRBs and either bound 
or measure the population average of the GW-fiux on Earth from this potential source. The key idea is to compare 
the mean correlated output of the detectors during GRB events ("on" times) to the mean correlated output when no 
GRB is detected ("off" times). Since gravitational waves from GRBs would produce small correlations in the output 
of the two detectors, a statistically significant difference in the mean correlated output between on and off times 
would constitute an indirect detection of GW-burst from GRBs. Alternately, the absence of a statistically significant 
difference would allow one to set an upper limit on the strength of any gravitational waves associated with GRBs. 
Long-duration GRBs is thought to follow the star formation rate of the Universe, and recent redshift measurements 
tend to support this model, with the measured GRB redshift distribution peaking at z ~ 1. Long-duration GRBs have 
also been associated exclusively with late-type star-forming host galaxies. On the other hand, the recent observations 
of A-ray and optical afterglows from a few short-duration bursts seem to suggest that these GRBs are located at 
lower redshifts relative to long-duration GRBs, and that short bursts are found in a mixture of galaxy types, including 
elliptical galaxies, which have older stellar populations. Although a large fraction of GRBs are too distant for any 
associated GW signals to be detected by LIGO, it is plausible that a small fraction occur at closer distances. For 
example, a redshi ft of z = 0.0085, i.e. a distance of 35 Mpc, has been associated with long-duration burst/supernova 
GRB 980425/SN flSflj . 

It is reasonable to expect that a few GRBs with no measured redshifts could be located relatively nearby as well. 
Long duration GRBs can last over several tens of seconds, with the time of peak flux appearing later than the time 
of first detection of GRB emission. This fact becomes important in the case of the internal shock models for GRB 
emissions since the delay of 0.5 sec between the GRB and the GW signal that is expected to be much smaller than 
the duration of the 7-ray light curve itself. In case of a long GRB, due to the missing of an accurate prediction of 
signal, analysis technique implemented by GW-detectors do not rely on a detailed prediction on the waveform, but 
only impose general bounds on signal duration and frequency. 

For short GRBs, the redshift observations have led to fairly optimistic estimates [160L Il6l| for an associated GW 
observation in an extended LIGO science run. In fact observations support the hypothesis that a large fraction of 
short GRBs can be produced by NS-NS or NS-BH coalescence. Since, GWs measurements of well-localized inspiraling 
binaries can measure absolute source distances with high accuracy, simultaneous observations of GWs (emitted by 
binary systems) and short GRBs would allow us to directly and independently determine both the luminosity distance 
and the redshift of binary systems (see |l62| and references therein) . The combined electromagnetic and gravitational 
view of these objects is likely to teach us substantially more than what we learn from either data channel alone. In 
|162| . the chirp masses associated to a sample of short GRBs (under the hypothesis that they are emitted by binary 
systems whose redshifts can be estimated considering them comparable to the GRB redshift) is obtained. In such a 
way, considering the coalescing time of the order of Tgo-characteristic time 1 and the energy lost (during the final phase 
of the coalescing process) equal to the emission of short GRBs, it has been found that the chirp masses, obtained 
by simulations, are comparable to the theo retical chirp masses associated to the coalescing binary systems. Next 
generation of interferometers (as LISA (l63|, or Advanced- VIRGO and LIGO) could play a decisive role in order to 
detect GWs from these systems. At advanced level, one expects to detect at least tens NS-NS coalescing events per 
year, up to distances of order 2 Gpc, measuring the chirp masses with a precision better than 0.1%. 

VI. GAMMA RAY BURST RADIO EMISSION 

In the fireball model, GRB afte rglow s are the result of a shock pushed into the ambient medium by an extremely 
relativistic outflow from th e GR B [164| |. It has been suggested that a possible signature of exploding fireball is a burst 
of coherent radio emission |l65l |. 

The coherent radio emission is practically simultaneous with the GRB except for the reduced propagati on sp eed 
of the radio waves by interstellar dispersion. A maximum delay of a few seconds has been predicted in [166| for 
galactic GRBs. Another coherent radio emission produce a cloud of Compton electrons propagating into the ambient 
magnetic field and radiating coherent synchrotron emission for roughly one gyroperiod. Since the ra diatio n field of 
this emission process cannot exceed the ambient magnetic field, it is undetectable at cosmic distances |l67| . 

In general, GRB afterglow observations are in good agreement with the external shock scenario. Light curves at 



1 T90 is defined as the time interval over which 90% of the total background-subtracted counts are observed, with the interval starting 
when 5% of the total counts have been observed. 
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Figure 4: A schematic radio afterglow light curve. Timescales and scalings for the temporal evolution are indicated. The list 
summarizes aspects of the flux evolution which are unique to the radio bands (Lorentz factor, F; source size, 6\ energy, E; 
density, n; jet opening angle, 8^; density profile; magnetic field strength, B; and obscured star formation rate) |l68l |. 

various wavelengths have been obtained for some bursts, and from these light curves, broadband spectra have been 
constructed. For the broadband spectrum, synchrotron radiation is assumed as the radiation mechanism. Dynamics of 
relativistic shock determines the spectrum evolution with time. The broadband synchrotron spectrum is determined 
by the peak flux and three break frequencies, namely the synchrotron self-absorption frequency v ai the frequency 
v m , that corresponds to the minimal energy in the electron energy distribution, and the cooling frequency v c that 
corresponds to electrons that cool on the dynamical timescale. 

The break frequencies and the peak flux can be described in terms of energy of the blast-wave E, the density of the 
surrounding medium n, the fractional energy densities behind the relativistic shock in electrons and in the magnetic 
field, e e and cb respectively, the slope p of the electron energy distribution, and the jet opening angle 9j et . Modeling 
radio emission provides the possibility to investigate the immediate surroundings of the burst and the initial Lorentz 
factor of blast-wave. The fact that the timescale for detecting emission from the reverse shock is small at optical and 
much longer at radio wavelengths makes radio observations on the first day after the burst important, although the 
emission from the forward shock is maybe not detectable at those early times. 

The uniqueness of radio afterglow observations is best illustrated by the phenomenon of radio scintillation. Scintilla- 
tion due to the local interstellar medium modulates the radio flux of GRB afterglows and permits indirect measurement 
of the angular size of the fireball. Focusing and defocusin g of the wave front by large-scale inhomogeneities in the 
ionized interstellar medium results in refractive scintillation [168| . This scintillation is broadband and has been seen in 
many sources, whereas only the most compact sources, e.g. GRB afterglows, show diffractive scintillation. Diffractive 
scintillation is caused by interference between rays diffracted by small-scale irregularities in the ionized interstellar 
medium. The resulting interference is narrow-band and highly variable. Diffractive scintillation occurs only when 
the source size is smaller than a characteristic size, the so-called diffractive angle. It turns out that at an average 
redshift of z ~ 1, the size of the blast-wave is smaller than the diffractive angle in the first few days, but during its 
evolution the blast-wave becomes larger than this angle. Thus, as the blast-wave expands, the diffractive scintillation 
is quenched. By studying the scintillation behavior, one can get an independent measurement of the angular size 
of the blast-wave. The radio light curves are phenomenological different from optical and X-ray light curves in the 
sense that the flux at radio wavelengths first increases at a timescale of weeks to months before it starts to decline. 
Since X-ray afterglows are very weak, and optical afterglow observations are contaminated by the presence of a host 
galaxy or a possible supernova, radio afterglows provide essential informations in late-time, following GRBs in their 
evolution into the non-relativistic phase. These late-time observations can give a determination of the blast-wave 
energy independent of the initial jet collimation. Moreover they allow to observe phenomena which would otherwise 
escape attention, such as the occurrence of a radio flare. 

The evolution a GRB and its radio afterglow is modelled schematically in Fig. [4j The observations cover four 
orders of magnitude in time (0.1 1000 days) and three orders of magnitude in frequency (0.8 ~ 660 GHz), so that 
radio light curves exhibit a rich phenomenology. 

On a timescale of days to weeks after the burst, the subsequent evolution of the radio afterglow (Fig. 0]) can be 
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described by a slow rise to maximum, followed b y a p ower- law decay. The radio peak is often accompanied by a sharp 
break in the optical (or X-ray) light curves [3ll , Il08j . 

The most commonly accepted (but not universal) explanation for these achromatic breaks is that GRB outflows 
are collimated. The change in spectral slope, where the flux density is F oc t a v^ , occurs when the Lorentz factor T 
of the shock drops below the inverse opening jet angle 9j e t- 

Since the radio emission initially lies below the synchrotron peak frequency v m , the jet break signature is distinctly 
different than that at optical and X-ray wavelengths. 

Then jet break is expected to give rise to a shallow decay t~ 3 . Another recognizable radio signature of a jet-like 
geometry is the peak flux cascade, in which successively smaller frequencies reach lower peak fluxes {i.e. Fv m oc yjv m 
)■ 

At sufficiently late times, when the rest mass energy swept up by the expanding shock becomes comparable to the 
initial kinetic energy of the ejecta (~ 100 days), the expanding shock may slow to non-relativistic speeds |51j. A change 
in the temporal slope is expected (Fig. [4]) for a constant density medium, independent of geometry. Finally, the radio 
light curves at late times may flatten due to the presence of an underlying host galaxy. Most GRBs stu died so fa r 
have optical/NIR hosts but only about 20% have been seen at centimeter and submillimeter wavelengths [169L Il70l |. 
This is an emerging area with a great potential of study but requires a sen sitivity that only a few radio telescopes 
have, as Very Larg e Array (VLA) 171 1, Low Frequency Array (LOFAR) |l72| . and the forthcoming Square Kilometer 
Array (SKA) [173| |. Such instruments allow to investigate the GRB radio afterglows at high redshifts including also 
the possibility of more energetic versions of these objects that may be associated with Population III stars. This can 
be important for broadband afterglow fits aimed at determining total energies and physical parameters of bursts, out 
to very high redshifts. 



VII. CONCLUSIONS 



GRBs are flashes of 7-rays associated with extremely energetic ex plosi ons that have been observed in distant 
galaxies. As discussed, they can be roughly separated into two classes |l74j . long GRBs (with T 90 > 2s), associated 
to gravitational collapse of very massive stars, and short GRBs (with T90 < 2s), associated to mergers of compact 
objects. GRBs have recently attracted a lot of attention as promising standardizable objects candidates to describe 
the Hubble diagram up to very high z, deep into the matter dominated era thus complementing SNela which are, on 
the contrary, excellent probes for the dark energy epoch. However, still much work is needed in order to be sure that 
GRBs can indeed hold this promise. 

Searching for a relation similar to that used to standardize SNela has lead to different empirically motivated scaling 
relations for GRBs. Anyway there are still open issues related to the use of GRBs in cosmology: 

• the low number of events: the samples of GRBs which can be used to constrain cosmological parameters through 
the discussed correlations are not so rich; 

• the absence of GRBs at low redshift does not allow to calibrate the correlations and requires to adopt methods 
to fit the cosmological parameters in order to avoid the circularity problem. 

Moreover, the lack of theoretical interpretation for the physics of these correlations represents a still open issue. 
The increase of the number of bursts which can be used to measure the cosmological parameters, and the possible 
calibration of the correlations would greatly improve the constraints that are presently obtained with few events 
and non-calibrated correlations. In order to use GRBs as a cosmological tools, through the above correlations, 
three fundamental parameters, i.e. E pea k, E 7 and 9 jet, should be accurately measured. On the other hand the 
Liso — E pea k — T0.45 does not require the knowledge of the afterglow emission because it completely relies on the 
prompt emission observables. The need to know the cosmological model to infer the luminosity distance for each 
GRB contrasts with the desire to constrain that same cosmological model (circularity problem). In the attempt 
to overcome this problem, one can take into account scaling relations and derive the Hubble diagram by different 
methods in order to estimate the luminosity distance (37| . 

Moreover, GRBs are powerful sources of high-energy neutrinos emitted in different phases according to the fireball 
model . A mechanism leading to higher (GeV) energy neutrinos in GRB is due to inelastic nuclear collisions. Proton- 
neutron inelastic collisions are expected, at much lower radii than radii where shocks occur, due to the decoupling of 
neutrons and protons in the fireball or jet phases. If the fireball has a substantial neutron/proton ratio, as expected in 
most GRB progenitors, the collisions become inelastic and their rate peaks where the nuclear scattering time becomes 
comparable to the expansion time. Inelastic neutron/proton collisions then lead to charged pions, GeV muon and 
electron neutrinos. The typical GRBs neutrino energies range from multi-GeV to EeV, and can yield interesting 
physical information about fundamental interactions, about (ultra-high energy) cosmic rays, and about the nature 
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of GRBs and their environment. The GRBs neutrino signals m ay b e detected in the coming years by current and 
forthcoming experiments such as Ice-Cube, RICE, and KM3NeT [175| . While the tt interactions leading to > lOOTeV 
energy neutrinos provide a direct probe of the internal shock acceleration process, as well as of the MeV photon 
density associated with them, the > 10 PeV neutrinos would probe the reverse external shocks, as well as the photon 
energies and energy density there. In the very recent years several neutrino telescopes are performing a systematic 
search for neutrinos emission from GRBs with different analysis methods. Up to now, no signal in excess over the 
background rate has been observed. 

The leading models for the ultimate energy source of GRBs are stellar collapse or compact stellar mergers, and these 
are expected to be sources of GWs. If some fraction of GRBs are produced by double neutron star or neutron star-black 
hole mergers, the gravitational wave chirp signal of the in-spiral phase should be detectable by the advanced LIGO- 
VIRGO, associated with the GRB electromagnetic signal. Although the waveforms of the gravitational waves produced 
in the break-up, merger and/or bar instability phase of collapsars are not known, a cross-correlation technique can 
be used making use of two co-aligned detectors. 

The understanding of GRB physics is today rapidly advancing since the discovery of long-lived "afterglow" emission 
is giving a great insight into the problem. Radio afterglow studies have become an integral part of this field, providing 
complementary and sometimes unique diagnostics on GRB explosions, their progenitors, and their environments. The 
reason for this is that the radio part of the spectrum is phenomenologically rich, but also difficult to investigate 
because only 20% of GRBs observed so far have been seen at radio-wavelength. A GRB radio-survey requires a very 
high sensitivity that only few radio telescopes can reach. The forthcoming Square Kilometers Array (SKA) could be 
of extreme interest in this effort. 
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